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1<ABSTRACT>
Dynamic alteration of Dclk1 isoform expression in gastric carcinogenesis
HyeKyeong Hwang
Department of Medical Science
The Graduate School, Yonsei University
(Directed by Professor Ki Taek Nam)
Dclk1 was proposed as a putative quiescent stem cell marker in the intestine, but also identified as 
a marker of tuft cells in the stomach. Dclk1 has multiple transcript variants that encode different 
isoforms, long form (LF, full-length), short form (SF, kinase domain only), and 363 isoform 
(doublecortin domain only). Prior studies have noted the expression of Dclk1 in association with 
various cancers. However, no investigations have studied the expression of Dclk1 isoforms in 
association with metaplasia and gastric cancer. Here, using DMP-777 treated mouse SPEM model, 
altered expression of Dclk1 isoforms in association with gastric carcinogenesis was analyzed by 
western blotting and qPCR analysis. Both LF and SF of Dclk1 expression intensity increased in all 
regions of the gastric mucosa as metaplasia was induced. In contrast to translational level, gene 
expression patterns of each isoforms varied regionally. In addition, immunohistochemistry and in situ
hybridization(ISH) analyses confirmed different distribution of Dclk1 isoforms as well as altered 
expression of Dclk1 isoforms involved in the course of gastric carcinogenesis. Especially, strong SF-
expressing cells appeared in the neck-isthmus region as metaplasia was induced compared to normal 
gastric mucosa. Moreover, examination of Dclk1 isoforms in resected specimens of gastric cancer 
patients revealed loss of LF in cancer while it existed in normal and intestinal metaplasia (IM). These 
results provide possibility of Dclk1 LF as a new cellular and molecular marker in gastric cancer 
progression.
Key words: Dclk1, gastric carcinogenesis, SPEM, DMP-777
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I. INTRODUCTION
Gastric cancer develops through a multiple stages that include chronic gastritis, oxyntic atrophy, 
foveolar hyperplasia, and metaplasia.1 Metaplasia by loss of parietal cells (oxyntic atrophy) in fundus 
of the stomach is often highly correlated with development of gastric cancer.2,3 These acid producing 
parietal cells are the key player in HCl secretion. In addition, it also secretes other regulators such as 
sonic hedgehog, transforming growth factor (TGF)-a, amphiregulin, and heparin binding-epidermal 
growth factor (HB-EGF).4,5 Also, several studies have found that parietal cells affect the 
differentiation of mucous neck cells into chief cells, indicating that absence of parietal cell can alter 
the gastric mucosa leading to metaplasia.6  
Two types of metaplasia develop in precursor to gastric cancer: spasmolytic polypeptide-
expressing metaplasia (SPEM) and intestinal metaplasia.2 SPEM derives from transdifferntiation of 
mature chief cells and is only restricted to fundus and express trefoil factor 2 (TFF2).2,7 Several mouse 
models are available to induce SPEM including Helicobacter felis, DMP-777, and L-635. Chronic 
infection with Helicobacter felis for about 6 months leads to loss of parietal cell and emergence of 
SPEM with inflammation.4,7 Oral administration of L-635 results in inflammation and induces SPEM 
by 3 days of treatment.2 DMP-777 is a neutrophil elastase inhibitor, but it also acts as a parietal cell 
specific protonophore thereby selectively ablating parietal cells. Oral dose of DMP-777 treatment for 
14 days leads to emergence of SPEM without inflammation. Moreover, these changes are reversible 
when DMP-777 is suspended after treatment.2,5,7 Another type of metaplasia is intestinal metaplasia
3(IM) which develops in both fundus and antrum and is characterized by intestinal goblet cells.2
Doublecortin-like kinase 1 (Dclk1) is a microtubule associated protein kinase and has been known 
to be involved in development of nervous system.8,9 However, emerging investigations have proposed 
its roles as a quiescent intestinal stem cell marker.10,11 The expression of Dclk1 was first identified in 
the isthmus of gastric glands and +4 position of intestinal crypts where stem cells are thought to 
reside.10 It was also reported that Dclk1 positive cells did not incorporate BrdU, and did not colocalize 
with other markers of differentiated gastric cells, suggesting that these are putative gastrointestinal 
stem cell marker.10 These findings were further confirmed by May and coworkers through 
immunohistochemcial staining in +4 position of stem cell zone within the small intestine and colonic 
crypts of mouse.11
Challenging arguments against Dclk1 as a gastrointestinal stem cell marker have been raised when 
Gerbe and colleagues found majority of the Dclk1-expressing cells in the villi.12 They found these 
cells expressed cyclooxygenase (COX) 1 and 2 as well as high levels of tubulin and villin, which are 
characteristics of tuft cells.12 Tuft cells, also known as brush or calveolated cells, are characterized by 
their stiff microvilli in apical and a unique tubulovesicular system.13 These cells constitute the unusual 
type of epithelial cells in several organs of respiratory and gastrointestinal tract.13,14 Tuft cells express 
markers related to chemoreception such as the guanine nucleotide binding protein a-transducing 3 
(GNAT3), a-gustducin, the transient receptor potential cation channel, subfamily M, member 5 
(TRPM5), and the G-protein coupled taste receptor type 1 member 3 (TAS1R3). 14-16 These findings 
provide an evidence of Dclk1 as a tuft cell marker.12
Recently, Nakanishi and colleagues have revealed that Dclk1 is rather a marker for intestinal 
cancer stem cells and it was further suggested that targeting the Dclk1-positive tumor cells could be a 
therapeutic potential for colorectal cancer.17
Dclk1 contains two doublecortin domains in the N-terminus, kinase domain in the C-terminus, and 
a proline-rich domain in between doublecortin and kinase domain.8,18 Through alternative splicing, 
three main types of transcript splice forms are generated including long form (LF) that contains all the 
domains, short form (SF) with only the kinase domain, and 363 form with only the doublecortin 
4domain.8,18
Several studies have confirmed the increase expression of Dclk1 in association with cancer.19-21
High number of Dclk1-expressing cells was reported in the stomach of smad3-null mouse.22 Bailey et 
al. have examined the expression of Dclk1 in preinvasive pancreatic neoplasia and found that these 
cells had distinct morphologies as well as cancer stem cell like properties.23 Also, recent studies have 
reported an increased number of Dclk1-expressing cells in association with parietal cell loss and 
SPEM.16
To date, studies on the expression of Dclk1 are well characterized in the small intestine, colon, and 
pancreas. However, not much research has been done in gastric mucosa. In addition, despite the 
multiple isoforms, no studies have investigated the relation between the Dclk1 isoforms and gastric 
carcinogenesis. In this report, the expression of Dclk1 isoforms in association with gastric 
carcinogenesis was investigated by DMP-777 treated mouse SPEM model. Translational, 
transcriptional level as well as cellular localization of Dclk1-positive cells was analyzed depending on 
the regions of the stomach. Moreover, the altered expressions of Dclk1 isoforms were examined in 
gastric cancer patients.   
5II. MATERIALS AND METHODS
1. Mice
All experiments were approved by the Institutional Animal Care and Use Committee of Yonsei
University College of Medicine. C57BL/6 mice (Orient Laboratories, Seoul, Korea) were purchased 
at 6 weeks of age and used for all experiments. All mice were given a standard pellet chow diet 
(PicoLab 5053, LabDiet) ad libitum and were maintained in specific pathogen-free conditions.
2. DMP-777 treatment
Preparation and treatment of DMP-777 was performed as previously described.2,5,24 DMP-777 was 
a gift from DuPont Pharmaceuticals. DMP-777 was formulated at a concentration of 2% as a 
suspension in 0.5% methycellulose (Sigma-Aldrich, St. Louis, MO, USA). C57BL/6 mice (6 weeks of 
age) were administered DMP-777 orally as a gavage (350 mg/kg) once daily for 3, 7, 14, and 28 days. 
3. Western blotting 
Mice were sacrificed by asphyxiation in a CO2 chamber. Stomach was excised and opened along 
the greater curvature and washed with PBS. Twelve different regions within the stomach were 
punctured and chopped into smaller pieces with sterile scissor/pestle. Tissues were lysed in lysis 
buffer (20mM HEPES (pH 7.0), 0.15M NaCl, 10% Glycerol, 1% Triton X-100, 1mM EDTA, 1mM 
EGTA, 10mM b-phosphoglycerate, 1mM Na3VO4, 5mM NaF, and protease and phosphatase inhibitor 
cocktail (Thermo Fisher Scientific, Rockford, IL, USA), and lysates were collected by centrifugation. 
After determining the concentration of proteins with BCA protein assay (Pierce Biotechnology, 
Rockford, IL, USA), lysates were mixed with 4X sample buffer and boiled at 95°C for 5 min. 15 mg 
of total proteins was separated on 10% SDS-PAGE gel and transferred to a PVDF membrane 
(Millipore, Billerica, MA, USA). After blocking with 5% skim milk for 30 min, membrane was 
probed with primary antibody at 4°C overnight. Then, HRP-conjugated secondary antibody (Life 
Technology, Carlsbad, CA, USA) was incubated at room temperature for 1 hr. The proteins were 
6detected using ECL reagents (Pierce Biotechnology, Rockford, IL, USA), and intensity quantification 
was measured using Image J (developed by Wayne Rasband). The antibodies used were anti-Dclk1 C-
term (Novus Biologicals, Littleton, CO, USA), anti-Dclk1 N-term (Abcam, Cambridge, UK), anti-
acetylated tubulin (Sigma-Aldrich, St. Louis, MO, USA), and anti-Gapdh (Abcam, Cambridge, UK).
4. RNA extraction and Quantitative PCR (qPCR)
RNA was extracted from tissues using TRIzol (Life Technology, Carlsbad, CA, USA). Then, 1 mg 
of DNase treated RNA was used to synthesize cDNAs using the ImProm-II™ reverse transcription 
system (Promega, Madison, WI, USA). Samples were analyzed in duplicate using POWER SYBR 
Green Master Mix (Applied Biosystems, Waltham, MA, USA) on a Step I Real-Time PCR System 
(Applied Biosystems, Waltham, MA, USA). Primer sequences are given in Table 1. 
Table 1. Primers used for qPCR and preparation of in situ hybridization probe
5. Immunohistochemistry (IHC)
IHC was followed by previous report22 with minor modification. Briefly, slides were 
deparaffinized and rehydrated through 100%, 95% and 70% ethanol. Antigen retrieval was performed 
using a pressure cooker. Endogenous peroxidase activity was blocked by incubation with 3% H2O2 for 
730 min then incubated with protein blocking solution (Dako, Glostrup, Denmark) for 1 hr at room 
temperature. Primary antibody was incubated in a humid chamber at 4°C overnight. Then slides were 
incubated with secondary rabbit IgG (Dako, Glostrup, Denmark) for 15 min at room temperature, and 
developed with Dako Envision+ System-HRP DAB (Dako, Glostrup, Denmark.). Counterstained with 
Mayer’s Hematoxylin (Sigm-Aldrich, St. Louis, MO, USA) and mounted with mounting solution 
(Electron Microscopy Sciences, Hatfield, PA, USA). For immunofluorescence, Alexa 568 conjugated 
anti-rabbit secondary antibody (Life Technology, Carlsbad, CA, USA) was used to detect the binding 
of anti-Dclk1 C-term. For dual staining of anti-Dclk1 N-term, TSA (Tyramide Signal Amplification)-
Plus Fluorescein Kits (PerkinElmer, Waltham, MA, USA) was used to amplify the binding of primary 
antibody with gastric tissue. Nuclei were stained with DAPI (Vector Laboratories, Inc., Burlingame, 
CA, USA). 
6. In situ hybridization (ISH)
In situ hybridization was performed as previously reported25 with modification. Briefly, 4-μm 
sections from paraformaldehyde-fixed and paraffin-embedded tissue samples were hybridized with 
DIG-labeled and/or fluorescein-labeled sense and antisense cRNA probes. Hybridization was 
performed overnight at 42°C in 2× SSC containing 50% formamide. Tissue sections were then 
incubated overnight at 4°C with an anti-DIG rhodamine antibody (Roche Diagnostics, Indianapolis, 
IN, USA). Counterstained with nuclear fast red (Vector Laboratories, Inc., Burlingame, CA, USA). 
Nuclei were stained with DAPI (Vector Laboratories, Inc., Burlingame, CA, USA).
8III. RESULTS 
1. Dclk1-expressing cells are increased in metaplasia associated with parietal cell loss
In order to characterize the expression of Dclk1 in association with gastric carcinogenesis, SPEM 
was induced by DMP-777, which causes parietal cell loss and thereby leads to emergence of SPEM 
without inflammation. After DMP-777 treatment for 3 days, 7 days, 14 days, and cessation after 14 
days, immunohistochemical analysis was performed to examine the expression of Dclk1 (Fig. 1). In 
normal gastric fundic mucosa, few Dclk1-positive cells were observed in the isthmus region. As 
DMP-777 was treated and SPEM was induced, increased number of Dclk1-positive cells was
observed. Significant increase was detected by 7 days of DMP-777 treatment, and a four-fold increase 
was observed by 14 days of DMP-777 treatment. Cessation of DMP-777 after 14 days of treatment 
led to reacquisition of parietal cell as well as regaining of its normal gastric mucosa. In this group, the 
number of Dclk1-postivie cells was recovered back to the normal level. Few Dclk1-positive cells were
also observed in untreated antrum. However, unlike in fundic mucosa, no differences in the number of 
Dclk1-expressing cells were detected in association with emergence of SPEM. These results suggest
that Dclk1-expressing cells increase in metaplasia associated with parietal cell loss. 
9Figure 1. Parietal cell loss by DMP-777 treatment increased the number of Dclk1-positive cells. (A) 
Immunohistochemical analysis of Dclk1-positive cells in the stomach of DMP-777 treated mice (B) 
Dclk1-positive cells significantly increased by 7 days and 14 days of DMP-777 treatment. *, p<0.5;
**, p<0.05.
2. Dclk1 isoforms were expressed differentially in gastric mucosa of DMP-777 treated mouse
The Dclk1 gene contains two N-terminal doublecortin(DC) domains, serine/proline-rich domain in 
between DC and kinase domain, and a C-terminal protein kinase domain (Fig. 2).8,26 It has multiple 
splice variants resulting from alternative splicing, mainly full length isoform (LF), an isoform with 
only the doublecortin domain (363), and an isoform with only the kinase domain (SF). In case of 
mouse, 3 isoforms are produced; LF, SF, and 363.      
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Figure 2. Alternative splice products of the Dclk1. LF contain two N-terminal doublecortin domains, 
serine/proline-rich domain, and C-terminal protein kinase domain. SF has only C-terminal kinase 
domain and 363 isoform has only DC domain. 
Given the expression of Dclk1 increased with emergence of SPEM, and since Dclk1 has multiple 
isoforms, it was hypothesized that the expression of Dclk1 isoforms would alter in association with 
metaplasia and gastric carcinogenesis. To test this hypothesis, SPEM was induced by DMP-777 and 
the expression of Dclk1 isoforms was evaluated by western blotting and qPCR analysis. DMP-777 
was administered orally as a gavage (350 mg/kg/day) once daily until sacrifice for 3 days, 7days, 14 
days, 28 days and cessation after 14 days of treatment. After sacrifice, stomach was opened along the 
greater curvature and punctured into 12 regions (Fig. 3). Protein expression of Dclk1 isoforms was 
analyzed regionally in time-dependent manner (Fig. 4). The most noticeable finding was that the 
expression of LF was relatively stronger than SF in all regions. In limiting ridge regions (R1-R6), a 
junction between forestomach and glandular stomach where Dclk1 is highly expressed, both LF and 
SF expression increased by 3 days of DMP-777 treatment and gradually increased even after 7 days 
and up to 14 days of DMP-777 treatment. These expressions returned to normal level when DMP-777 
was withdrawn and left to recovery for 14 days. In fundic regions (F7-F10) where SPEM develops, 
sharp increase of SF expression was detected by 3 days of DMP-777 treatment and its expression 
stayed elevated during the rest of the DMP-777 treatment period. As opposed to limiting ridge and 
fundic regions, reduced expression of LF and SF was rather observed in antrum (A11 and A12). These 
findings indicate that Dclk1 isoforms are expressed differentially during metaplasia and also 
expressed differentially according to the regions of the stomach. 
11
Figure 3. Schematic outline of DMP-777 treatment. (A) DMP-777 was administered orally as a 
gavage (350 mg/kg/day) once daily until sacrifice. (B) After sacrifice, stomach of DMP-777 treated 
mouse was opened along the greater curvature and punctured into 12 regions. R1-R6 is punctured 
along the limiting ridge. F7-F10 is within the fundus and A11, A12 are antrum. 
Figure 4. Protein expression of Dclk1 isoforms in DMP-777 treated mouse stomach. Tissue lysates of 
12 regions in DMP-777 treated stomach were analyzed time-dependently by western blot. In limiting 
ridge regions (R1-R6), both LF and SF increased as DMP-777 was treated. In fundic regions (F7-F10), 
sharp increase of SF was observed by day 3 and continued for 7 days and 14 days of DMP-777 
12
treatment. However, reduced expression of SF was rather observed in antrum (A11 and A12). 
Representative experiments were repeated 5 times. Intensity was measured by imageJ. Values are 
expressed as mean ± SEM. For LF, vs WT *, P<0.05; **, P< 0.01. For SF, vs WT #, P<0.05; ##, 
P<0.01. 
3. The gene expression of Dclk1 isoforms showed dynamic spatial pattern
To investigate whether expressional variations of Dclk1 in translational level is derived from their 
transcritipnal regulation, the mRNA levels of Dclk1 isoforms were determined (Fig. 5). In contrast to 
translational level, RNA expression was not organized according to regions. Rather, the expression of 
all 3 isoforms varied in all 12 regions. For LF, expression could be classified into 3 groups, red, blue, 
and black bar. Group represented in Red bar showed similar pattern in which expression of LF 
decreased by day 3 and increase on day 7 of DMP-777 treatment. Groups in Blue bar showed 
increased LF expression by 3 days of DMP-777 treatment. Other regions shown in black bar did not 
have any distinct patterns. Surprisingly, when DMP-777 was treated continuously for 28 days, LF 
expression went down beyond normal level. These changes were recovered to normal level when 
DMP-777 was withdrawn after 14 days of treatment. SF expression was sorted into 2 groups. Regions 
that showed decreased SF expression by day 3 were assigned in green bar, and group that had no 
detectable changes were classified in gray bar. On the contrary to LF, increased level of SF was 
observed in all 12 regions when DMP-777 was continuously administered for 28days, and returned to 
normal level in all regions after recovery for 14 days. No significant changes were observed for 363 
isoform whether DMP-777 was treated for 3 days, 7 days, 14 days, 28 days, and left to recovery for 
14 days. In these studies, the transcriptional level of Dclk1 isoforms was not completely consistent 
with its translational level. Also, these data confirm the alteration of Dclk1 isoform expressions during 
metaplasia stage of gastric carcinogenesis. 
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Figure 5. Gene expression of Dclk1 isoforms in DMP-777 treated mouse stomach. The levels of 
Dclk1 isoforms varied in all 12 regions. LF (A) was classified into three groups, red, blue, and black 
bar, and SF (B) was sorted into two groups, green and gray bar. No significance was observed for 363
(C) isoform except during 28 days of DMP-777 treatment in R6 and A12. Representative experiments 
were repeated 5 times. Values were expressed as mean ± SEM. vs WT. *, P<0.05; **, P< 0.01. 
14
4. Each Dclk1 isoform identified different region within the cell
Through western blotting and qPCR analysis, it was supported that the expression of Dclk1 
isoforms vary as metaplasia was induced. Gastric mucosa is composed of heterogeneous group of 
cells. Therefore, cellular localization of Dclk1 isoforms was characterized by immunofluorescence
analysis (Fig. 6). Immunofluorescence was performed in gastric mucosa of wild-type and 14 days 
DMP-777 treated mouse with two different antibodies that recognizes different epitopes of 
doublecortin (DC) and kinase domains of Dclk1, respectively (Fig. 6A). As seen in Fig. 1, increased 
number of Dclk1-positive cells was observed in 14 days DMP-777 treated mouse gastric mucosa. 
Most of the cells that are positive for Dclk1 were shown in white, indicating LF expressing cells. This 
is in fact in parallel with western blot analysis because the intensity of LF expression was stronger 
than SF in all regions of the stomach. Another interesting finding was that the distribution of two 
isoforms differed even within the same cell (Fig. 6B). DC-positive signal was detected on the 
membrane while kinase signal was positive in cytoplasm. 
15
Figure 6. Immunofluorescence analysis of Dclk1-expressing cells in DMP-777 treated gastric mucosa.
(A) Wild-type and 14 days DMP-777 treated mouse stomach sections were immunostained with two 
kinds of antibodies against Dclk1. a-DC (green) indicates LF and a-Kinase (Red) indicates both LF 
and SF. Increased number of Dclk1 expressing cells were observed as SPEM was induced by DMP-
777. (B) DC signal was detected on the membrane while Kinase signal was detected in cytosol. 
Nuclei were stained with DAPI. White= LF, red only= SF, Green only= 363. 
5. Dclk1-expressing cells expressed tuft cell marker
To examine whether Dclk1-positive cells associated with parietal cell loss express tuft cell marker, 
immunofluorescence analysis was performed using the two Dclk1 antibodies and tuft cell marker,
acetylated-a-Tubulin (AcTub) (Fig. 7). In both wild-type and 14 days DMP-777 treated mouse gastric 
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mucosa, majority of the Dclk1-expressing cells, regardless of either LF or SF, co-expressed Dclk1 and 
AcTub in apical microvilli. These cells were confirmed to be tuft cells by their morphology and 
expression of AcTub. This analysis provides that Dclk1-expessing cells that increase in number in 
association with SPEM are highly correlated with tuft cell. 
Figure 7. Immunofluorescence staining of Dclk (red) and acetylated-a-Tubulin (acTub, green) in 
metaplastic gastric mucosa. Co-localization of Dclk1 and acTub was observed at the apical region. 
These signals indicate microvilli of tuft cells. Nuclei were stained with DAPI.
6. In situ hybridization of Dclk1 isoforms in mouse SPEM model
Based on findings through protein and RNA analysis, it was noticed that the expression of Dclk1 
isoforms differ in translational and transcriptional level. To confirm the localization of Dclk1 RNA 
expression, dual fluorescence in situ hybridization was performed (Fig. 8). Due to high homologies 
among the isoforms, it was hard to design probe for each isoform. Thus, DC probe that identifies
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doublecortin domain which implies LF was designed to express red and kinase probe that identifies 
kinase domain indicating both LF and SF was labeled with green fluorescein. Therefore, when DC 
and kinase probe overlap, it would appear in white, indicating LF. If only red is expressed, it implies 
363 isoform, and if only green is expressed, it would be SF. Using these DIG-labeled or/and 
fluorescein-labeled probe that accords with each domain of Dclk1, in situ hybridization was 
performed. In normal gastric mucosa, few cells in white which are LF expressing cells were observed 
mostly at the base of the gland. When DMP-777 was treated for 7 days, more of LF-expressing cells 
were scattered throughout the base of the gland. In addition, strong green positive SF-expressing cells 
started to appear in the isthmus region. By 14 days of DMP-777 treatment, these cells were much 
more abundant in the isthmus region. While no changes of LF and SF were observed in 
immunohistochemical analysis, in RNA level, it was supported that isoforms of Dclk1 are indeed 
involved in gastric carcinogenesis and that SF may play a role in SPEM progression 
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Figure 8. Dual fluorescence in situ hybridization of Dclk1 isoforms. Dual fluorescence in situ 
hybridization was performed using DIG-labeled probe (doublecortin domain) which was detected by 
rhodamin-labeled anti-DIG IgG or fluorescein-labeled probe (kinase domain) to characterize 
localization of Dclk1 isoforms within the gastric mucosa of DMP-777 treated mice. In wild-type, few 
cells co-positive for DC and Kinase domains were observed mostly at the base of the gland. By 7 days 
of DMP-777 treatment, stronger SF expressing cells started to appear at the isthmus neck region and 
increased in number by 14 days of DMP-777. Nuclei were stained with DAPI. 
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7. Expression of Dclk1 isoforms in tissues of gastric cancer patients
Next, to examine the changes of Dclk1 isoforms during human gastric carcinogenesis, endoscopic 
resection specimens of gastric cancer patients with areas of normal (N), intestinal metaplasia (IM), 
and cancer (C) were obtained and used to analyze the expression of Dclk1 isoforms by western blot 
and qPCR (Fig. 9). Although it was all different individual, similar expression pattern was observed. 
In all cases, LF and SF were markedly expressed in N and IM. However, in cancer, LF expression was 
dramatically lost and only SF was expressed (Fig. 9A). In parallel to mouse study, the gene expression
did not correspond with protein expression. The expression of LF significantly increased in IM and C, 
whereas, SF significantly decreased in IM and C (Fig. 9B). These findings suggest important role of
Dclk1 LF when metaplasia is further progressed to cancer.
Figure 9. Expression of Dclk1 isoforms in endoscopic resection specimens of gastric cancer patients.
(A) Immunoblot analysis of Dclk1 LF and SF expression was remarkable in N and IM, but LF was 
dramatically lost in C. (B) Relative expression of Dclk1 LF and SF in N, IM, and C assessed by qPCR. 
LF increased significantly in IM and C while SF decreased following IM and C. Values are expressed 
as mean ± SEM. vs N. *, P<0.05; **, P< 0.01. 
8. Cellular localization of Dclk1 in human gastric tissues by in situ hybridization
The greatest discrepancy between mRNA and protein expression was seen for Dclk1 LF. As a 
mean to confirm this discrepancy, the RNA expression of Dclk1 LF in human gastric tissues was 
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performed by in situ hybridization using DIG-labeled probe (Fig. 10). It was found that LF expression 
was highly expressed in the isthmus region of normal tissue. Its expression was also detected in 
SPEM, IM and cancer. In IM, strong LF positive signal was observed in goblet cells. In cancer tissues, 
the signal was not positive in the goblet cells or other areas but only detected in cancerous region. 
Figure 10. Cellular localization of Dclk1 LF in human gastric tissues. Cellular localization of Dclk1 
LF in human gastric tissues was analyzed by in situ hybridization using DIG-labeled DC probe. 
Counterstained with nuclear fast red. 
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IV. DISCUSSION
Dclk1 is known as a putative intestinal stem cell marker10,11 as well as a tuft cell marker.12 Recently, 
its function as a cancer stem cell has been identified, raising a great interest in relevance of Dclk1 and 
cancer.17 Dclk1 has multiple isoforms generated from alternative splicing, including LF, SF, and 363 
isoform.8 Several previous studies have investigated the expression of Dclk1 isoforms in developing 
nervous system.8,27,28 It has been demonstrated that both LF and SF are mainly expressed in human 
fetal brain and in low levels of adult tissues.27,28 Indeed, the preliminary western blotting data 
confirmed the high expression of both LF and SF in brain as well as in various organs of normal
mouse, although there were minor intensity differences.
Dclk1 has been shown to be overexpressed in various cancers including esophageal, gastric,
colorectal, pancreatic, breast and prostate compared to paired normal tissues.16,23,29,30 Nevertheless, 
none of these studies have addressed the question on the isoforms of Dclk1 in relation with cancer. 
Interestingly, in the preliminary data, when gastric cancer cell lines were examined for Dclk1, only SF 
was detected compared to non-cancer cell lines which expressed both LF and SF. This finding was 
repeated in other cancer cell lines including colon as well as pancreatic cancer cell lines, suggesting 
that Dclk1 isoforms are somewhat involved in the course of gastric carcinogenesis. Thus, the present 
study tried to identify the expression of Dclk1 isoforms during gastric carcinogenesis. 
Gastric cancer develops through a number of stages including inflammation, gastritis, and 
metaplasia.1 Metaplasia is precancerous stage before proceeding to invasive cancer. Here, mouse 
SPEM model induced by DMP-777, which causes oxyntic atrophy, was used to investigate the 
expression of Dclk1 isoforms.1,5 As recently reported by Choi et al.,16 treatment of DMP-777 
increased the number of Dclk1-expressing cells only in the fundus. 
The normal gastric mucosa is composed of various types of cells that have a unique geographical 
distribution.31-36 Progenitor cells are located in the isthmus-neck region and give rise to acid-secreting 
parietal cells, mucous neck cells, and zymogen-secreting chief cells.3,4 The gene expression might 
vary between regions due to its cellular composition. To resolve this unique distribution of different
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cell types, the stomach was divided into 12 different regions and the regional expression of Dclk1 
isoforms was measured. It was found that the expression of LF was more abundant than SF. In 
translational level, both isoforms increased as metaplasia was induced in limiting ridge and fundus, 
however, no changes were detected in antrum. In contrast, mRNA expression of each isoforms varied 
in all regions. This difference in protein and RNA level was further confirmed by 
immunohistochemical analysis. One of the interesting finding was the different spatial location of LF 
and SF in the same cell. In addition, through in situ hybridization, it was clearly seen that RNA 
expression of Dclk1 isoform are shifted from LF to SF during SPEM progression which represents the 
first definite expression difference of Dclk1 isoforms in association with oxyntic atrophy. 
Dclk1-expressing cells exhibit unique feature that resembles the tuft cells.12 These tuft cells are 
reported to be increased with inflammation, hyperplasia, and metaplasia.14,37 Given the evidence that 
Dclk1-expressing tuft cells expand in association with gastric tumor,16,22 similar observation of 
colocalization of tuft cell marker, acTub with Dclk1 was detected in apical region. Moreover, these 
cells were not confined to either LF or SF. 
The most interesting outcome of this study was observed in the human gastric cancer patients’
sample. Biopsies of gastric cancer patients were obtained and examined for the expression of Dclk1. 
Surprisingly, while LF and SF existed notably in N and IM, LF was lost and only SF was expressed in 
cancer. These findings are somewhat consistent with results of previous study showing an increased 
expression of Dclk1 during early stage metaplasia of ADM and PanIN, and loss of these expressions 
in invasive pancreatic cancer.23 Beyond just expression in cancer, current study confirms the alteration 
of Dclk1 isoforms in gastric carcinogenesis. Moreover, this novel finding suggests Dclk1 LF as a 
tumor suppressor role in the course of gastric carcinogenesis. More importantly, in agreement to 
mouse study, the protein and RNA expression did not show any similar trend. Such inconsistency is 
thought to result from post-transcriptional modification especially by microRNA. Usually, 
microRNAs bind to 3’-UTR and repress the expression of target gene. However, microRNA can also 
bind to 5’-UTR of target gene and not disturb the expression of target gene. Further investigation 
regarding microRNA will provide greater insight into regulation of Dclk1 isoforms in progression of 
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SPEM as well as in gastric cancer. 
In summary, most perspectives of Dclk1 are just focused on its expression in cancer. The present 
investigations have not only centered on its expression but also the isoform changes in association 
with gastric carcinogenesis. The finding of strong SF during SPEM progression as well as loss of LF 
in cancer supports the concept of an alteration of Dclk1 isoform expressions in gastric cancer 
progression. Targeting these cell populations may have therapeutic potential in the prognosis, 
treatment and/or chemoprevention of gastric cancer.   
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V. CONCLUSION
The study showed that Dclk1-expressing cells increased in number in assoication with parietal cell 
loss. Given the multiple splice variants of Dclk1, the expression of Dclk1 isoforms during gastric 
carcinogenesis have been examined. It was found that the expression of Dclk1 isoforms are altered in 
gastric carcinogenesis. SPEM was induced by DMP-777 and the expression of Dclk1 isoforms were 
examined in translational and transciprtional elvel. While the expression intensity of both LF and SF 
increased in metaplastic gastric muscosa, the expression of mRNA was dynamic defined to regional 
location. One intersting finding was that each isofrom was labeled differently even within the same cell. 
Additionally, in situ hybridization analysis confirmed the altered expression of Dclk1 isoforms in 
metaplsia by oxyntic atrophy. These findings imply possibilities that Dclk1 isoforms play an important 
role in gastric carcinogenesis. Furthermore, it was seen that from endoscopic resection specimens of 
gastric cancer patients, LF was lost and only SF was expressed in cancer. This finding suggest Dclk1 
LF as a hall marker in determining the progression of gastric cacner. Altogether, these data provide new 
cellular and molecular aspects of Dclk1 isoforms in association with different stages of gastric cancer. 
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< ABSTRACT (IN KOREAN)>
위암 발생과정에서 Dclk1 isoform 발현의 역동적 변형에 대한 연구
<지도교수 남 기 택>
연세대학교 대학원 의과학과
황 혜 경
Dclk1은 장에서 quiescent stem cell marker로 알려져 있을 뿐만 아니라, 위의 tuft cell의
마커로 알려져 있다. Dclk1은 long form(LF, full length), short form(SF, kinase domain only), 363 
isoform (doublecortin domain only)의 3개의 전사체를 가진다. 선행연구에서 cancer와 Dclk1 
발현간의 상관관계가 알려져 왔으나, metaplasia와 위암에서 Dclk1 isoform 발현에 대해서
는 보고된 바가 없다. 이에 Dclk1의 isoform 발현이 위암 발생 과정에 관여할 것이라 가
정하에 DMP-777을 투여한 마우스 SPEM 모델을 이용하여 Dclk1의 isoform 발현을 단백
질과 RNA level에서 분석하였다. LF과 SF의 단백질 발현은 위의 전체 부위에서 증가하는
양상을 보였으나, 이에 반하여 RNA의 발현은 부위별로 다양한 발현양상의 변화를 보였
다. 또 Dclk1 발현세포를 immunohistochemistry와 in situ hybridization 방법으로 관찰한 결과, 
Dclk1 isoform마다 세포 내에 발현하는 위치가 다를 뿐만 아니라 위암 발병 과정 중
Dclk1 isoform에 변화가 보이는 것을 확인하였다. 특히 metaplasia가 일어나면서 정상
gastric mucosa에서는 보이지 않던 SF을 강하게 발현하는 cell들이 isthmus region에서 확인
되었다. 또 위암 환자의 조직에서도 Dclk1 isoform 발현의 차이를 확인해본 결과, 정상 조
직과 intestinal metaplasia (IM) 조직에서는 LF과 SF 모두 강한 발현을 보인 반면에 비해
cancer 조직에서는 LF의 발현이 소실되고 SF만 발현하는 특징을 확인하였다. 이상의 결
과는 Dclk1 isoform중 LF의 발현이 위암의 발생 과정에서 매우 중요할 것으로 사료된다.
핵심 되는 말: Dclk1, gastric carcinogenesis, SPEM, DMP-777
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